Continuing our previous studies analyzing drugs of abuse in municipal wastewater, a method was developed for the analysis of opiates in wastewater samples using liquid chromatography coupled with tandem mass spectrometry (LC-MS-MS). Eight opiate drugs and metabolites were analyzed including codeine, hydrocodone, hydromorphone, 6-monoacetylmorphine (6-MAM, the primary urinary metabolite of heroin), morphine, norhydrocodone (the primary urinary metabolite of hydrocodone), oxycodone and oxymorphone. These drugs were chosen because of their widespread abuse. Wastewater samples were collected at both the Oxford Waste Water Treatment Plant in Oxford, Mississippi (MS) and the University Wastewater Treatment Plant in University, MS. These wastewater samples were collected on weekends in which the Ole Miss Rebel football team held home games (Vaught-Hemingway Stadium, University, MS 38677). The collected samples were analyzed using a validated method and found to contain codeine, hydrocodone, hydromorphone, morphine, norhydrocodone, oxycodone and oxymorphone. None of the samples contained 6-MAM.
Introduction
Continuing our previous study in which the analysis of stimulant drugs and metabolites in municipal wastewater was reported, a method was developed for analyzing opiates in these same samples.
Sewage-based epidemiology (SBE) was first proposed by Daughton in 2001. He identified municipal sewage as a target for observing real-time drug usage trends, without the limitations of traditional survey-based epidemiology (1) . Four years later, Daughton's proposal was first put into practice by Zuccato et al. in Italy (2) . Since 2005, SBE has been used to estimate drug usage in cities all around the world. Wastewater has also been used to estimate drug usage in smaller communities such as high schools (3) and prisons (4) . Recently, SBE has been used to monitor drug usage during special events. Some examples include a music event in Spain (5), a major televised sporting event (6) , a holiday season (7) and a music festival in Australia (8) .
Because sporting events can draw large populations of attendees to one location, it is important to know whether these events are resulting in higher drug usage in the venue and community. We previously reported the usage of stimulant drugs during football games at the University of Mississippi and the City of Oxford, MS (9) . The current study was designed to evaluate the concentrations of codeine, hydrocodone, hydromorphone, morphine, oxycodone, oxymorphone, norhydrocodone and 6-monoacetylmorphine (6-MAM) in wastewater during football games at the University of Mississippi (Ole Miss) and the City of Oxford, MS (Oxford). These opioids and metabolites ( Figure 1 ) were chosen because of their common illicit use. Codeine, hydrocodone, hydromorphone, morphine, oxycodone and oxymorphone are drugs that are prescribed by doctors as analgesics. This group of drugs all have similar chemical structures and act on the same receptors in the human body (µ-opioid receptors). They are all extracted from opium poppy seeds or are chemical derivatives of drugs within the plant extract. Norhydrocodone is the primary urinary metabolite of hydrocodone. The metabolite 6-MAM is found in the urine from users of the highly addictive abused drug heroin. This study utilized liquid chromatography coupled with tandem mass spectrometry (LC-MS-MS) because of its high selectivity, sensitivity and reproducibility.
Experimental

Samples
A total of 36 influent wastewater samples were collected from the Oxford Waste Water Treatment Plant (WWTP) and the University Wastewater Treatment Plant (18 samples from each location). At the Oxford WWTP, wastewater was collected using a pump that withdrew water from an underground influent stream. At the University WWTP, samples were manually collected from an open-air influent reservoir. A sample volume of 240 mL was collected in plastic bottles. Most of the samples were taken on weekends during which the Ole Miss Rebels football team held home games (four games in which the opponents were University of Louisiana-Lafayette or 'ULL', University of Memphis, University of Alabama and University of Tennessee). Samples were taken on the Friday before the game, on Saturday during the game and on the Sunday after the game. Additional samples were collected on one weekend (Friday, Saturday and Sunday) during which the Ole Miss Rebels did not have a home football game, as well as on two Wednesdays prior to these weekends. After collection, the samples were filtered and stored at −20°C until they were analyzed.
Chemicals and reagents
Pure standards (codeine, hydrocodone, hydromorphone, morphine, oxycodone, oxymorphone, norhydrocodone and 6-MAM) and internal standards (codeine-D 3 , hydrocodone-D 3 , hydromorphone-D 3 , morphine-D 3 , oxycodone-D 3 , oxymorphone-D3, norhydrocodone-D 3 and 6-MAM-D 6 ) were purchased from Cerilliant Corporation (Round Rock, TX). Controls were made with reference standards (codeine, hydrocodone, hydromorphone, morphine, oxycodone, oxymorphone, norhydrocodone and 6-MAM) and were purchased from Lipomed AG (Arlesheim, Switzerland). All solvents and reagents were obtained from VWR International (Radnor, PA) and Sigma-Aldrich (St. Louis, MO). Solid-phase extraction (SPE) cartridges were bought from Phenomenex (Torrance, CA).
Extraction procedure
Phenomenex Strata Screen-C (55 µm, 70A) 150 mg/3 mL SPE cartridges were used for SPE of wastewater samples. Cartridges were conditioned with 2 mL of methanol followed by 2 mL of deionized water. Drugs and internal standards (IS) were fortified into glass tubes, and 1 mL of blank wastewater was aliquoted into these tubes to make calibration curves. For the wastewater samples, IS was added to each glass tube and wastewater was aliquoted into these glass tubes. Samples were loaded by positive pressure on the cartridges. The cartridges were washed with 9 mL of 0.1 N HCl followed by 6 mL of methanol. Cartridges were dried under nitrogen for 5 min. Then, the analytes were eluted with 2 mL of 1% ammonia in methanol into glass vials. These vials were evaporated under nitrogen to 1 mL volume at which time the tubes were vortexed and evaporated again under nitrogen to dryness. Samples were reconstituted with 100 μL of 0.5 N HCl in methanol and transferred into the insert and placed in LC vials for analysis.
LC-MS-MS system
The LC-MS-MS system consisted of a Shimadzu Prominence HPLC (Table I , HPLC Instrument Parameters) with a dual pump, a vacuum solvent microdegasser and a controlled-temperature autosampler and an MS-MS detector (Applied Biosystems/MSD Sciex Qtrap3200 with a turbo-ion ESI source operating in the positive-ion multiple reaction monitoring, or MRM, mode). Specific MRM transitions were monitored for each compound for maximum selectivity and sensitivity. Separation was achieved on a Synergi Hydro-RP column (150 × 3.0 mm; 4 µm; 80A) from Phenomenex (Torrance, CA, USA). The solvent system program is shown in Table II . Data acquisition and processing was performed with the Analyst™ 1.5.2 software (Applied Biosystems (AB Sciex), Foster City, CA). Tables III and IV show the MS-MS system and parameters optimized for MRM acquisition for the compounds analyzed. The representative chromatograms are shown in Figure 2 .
Validation of the analytical procedure
Controls were prepared at 10 and 50 µg/L. These controls were then extracted and analyzed using the procedure described above. The assay limit of detection (LOD), limit of quantitation (LOQ, determined with lowest observed calibrators) and upper limit of linearity (ULOL) were determined for each drug based on 7-point curves (0.625-100 µg/L). The precision and accuracy of the assay at the 10 and 50 ng/mL concentrations were determined within-batch and betweenbatch by analyzing six replicates of each level in six different batches.
Validation results
SPE cartridges were used to extract the samples for method validation. For all the analytes, their respective deuterated internal standards were used. Validation of the method included extraction and analyses of six batches, each with six replicates of two different concentrations (10 and 50 µg/L), over a period of 6 days. Each batch also contained a seven-point calibration curve. The method showed a linear concentration-response relationship between the concentration and analyte/IS peak area ratio with r 2 values of >0.999 for all eight drugs and metabolites. The accuracy of the method ranged from 94 to 107% with relative standard deviation (RSD) of 3.1 to 8.0% for 10 ng/mL samples and was from 92 to 106% with RSD of 2.2 to 6.3% for 50 ng/mL samples. Method LOD, LOQ and ULOL are shown in Table V . Within-batch and between-batch validation results are presented in Table VI . This method is validated to show a high degree of accuracy and precision for the analyzed opiate drugs and metabolites. 
Sample analysis
Thirty-six wastewater samples were extracted and analyzed using the above-validated procedure. Although the validated method used 1 mL aliquots of negative wastewater, 15 mL of wastewater was extracted from each sample; this pre-concentration step was added due to the low concentrations found within the wastewater samples. When calculating the concentrations of the samples, this additional volume was taken into consideration.
Discussion
Continuing our studies on wastewater samples collected at the University of Mississippi and at the City of Oxford, we extended our analyses for eight opiate drugs and metabolites. The results from our previous studies (9) were very encouraging. In the case of hydrocodone (Figure 3a) , there was a large rise in drug concentration on the campus of University of Mississippi during the University of Alabama and University of Tennessee games. The same pattern can be seen in the case of norhydrocodone (Figure 3b ) for both games. At the same time, the City of Oxford samples showed an increase in concentrations (for hydrocodone and norhydrocodone), but not as high as at the University of Mississippi. This suggests that the visitors who are on the campus while watching the game are responsible for the increase in concentration of these two analytes, while a smaller number of visitors abusing these drugs are coming to the City of Oxford for food and lodging.
For morphine (Figure 3c ) and codeine (Figure 3d ), we cannot see any pattern in all the samples collected at both locations. Both drugs were found at low concentrations.
None of the samples collected at the City of Oxford showed any levels for hydromorphone, while there were two positive from the samples collected at the University of Mississippi. Oxycodone was found only in one sample at the University of Mississippi during the game against Tennessee, yet was either below LOQ or not detected in any of the samples collected at the City of Oxford. For oxymorphone, none of the samples collected at University of Mississippi or City of Oxford were found at LOQ. 6-MAM was not present in any of the samples collected at both collection sites. All results can be found in Table VII .
Conclusion
An LC-MS-MS method was successfully developed and validated for the analysis of eight drugs/metabolites in wastewater samples. This method was reproducible for all the eight compounds and was successfully applied to analyze wastewater samples collected from the University of Mississippi and City of Oxford around football game times. This method can be helpful for law enforcement agencies (such as DEA and local police) to know the drug flow at the University of Mississippi and the City of Oxford. 
